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INTRODUCTION

The LEM FITH problem associated with the ascent engine start-
up is being investigated experimentally and analytically. This
report presents the analytical and cold flow test results cbtained
to date, and outlines the direction for future work in this ares.
Earlier work including a description of the experimental setup was
glven in report LED 510-1, dated, 3 April 1963.
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SUARY

(1) Downstream venting of the ascent engine exhaust gases through
the annulus between the descent engine skirt and inner walls of the
descent stage is very effective. Ascent nozzle flow separation was
not incurred in the cold flow teste with a vent area of 1240 1n®
(mn--cm). With this area, the ascent base pressure was kept to
less than 1/2 the nozzle exit wall pressure. Thus the 1240 in< was
far in excess of the venting area required to prevent nozzle flow
separation. However, this configuration is no longer applicable to
the LEM because the descent stage heat shield and crushing ef the
gkirt in a lunar landing would make the downstream area unavailable.

(2) Preliminary cold flow test results for side venting through the
gsp between the stages with a flat plate flow deflector at the top of
the descent stage indicates a minimum stage separation height of
‘approximately 5 inches is required to keep the shock just downstream
of the ent nozzle exit. This 5 inches corresponds to epproximately
1000 in“ of venting area. B8ide venting between the stages vithout the
flow deflector was found to require 16 inches stage separation height
to prevent ascent noszle separation. Besides being more effective the
flow deflector keeps the exhaust gases ocut of the descent engine com-
partment and eliminates the need for ablative material on propellant
feed lines, wvalves, ete.

(3) Present direction for the configuration is toward a flow deflector,
because of the above advanteges, and four porting ducts through the
descent_stage located dovmstream of the top of the descent engine.

2000 in° of port ares is availsble. This is felt to be more than ade-
quate, and could possibly be reduced, since the effectiveness of this
configuration is expected to lie between that of the dowvmstream venting
and between-the-stages venting configurations.

Pinal choice between vanting between the stages or through four
ports will depend on the relative weight penalties of increased stage
separation height and ducts for porting through the descent stage.
Another factor may be the relative difficulty of increasing the venting
ares later in the program if found necessary from full-scale firings.

(4) The -enm laws used to simulate the rocket exhaust gases in the
cold flow tests were investigated smalytically, and were found to be
applicabla.

(5) Two sscent nossles were ccld flow tested; a contour and a conical.
The countoured nossls exhibited an internal cblique shoek and flowed

full with less venting aree them thet required for the conical nozzle
which ran shock-free. The preasure level in the region of the ascent
base was sixilar for both noziles.
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DISCUSSION
A. Experimental :

" Cold flow testing was accamplished using nitrogen as the

test fluid ( ¥ =1.4), T:1 area ratio ascent nozzles (contour and
conical), and a 1/10 scale descent stage with constant hexagonal
crogs section as in the LEM proposal. Tests run with the contour
nozzle include downetream venting over the descent engine and out
through the annulus between the engine and stage walls (Figure 1b),
and side venting between the stages without any flow deflector
(Pigure 1lc). Conical nozzle tests included side venting between
the stages both with (Figure 1f) and without a flat plate flow
deflector placed on top of the descent stage.

Test results obtained with the contour nozzle were influenced
by the appearance of a strong internal conical shock eminating
from within the nozzle. The basic shock structure, shown schemat-
ically in Pigure 1l(e,b,c) was determined from Schlieren photogrsphs,
and wes found to be independent of the descent stage configuration.
Indications that the origin of the shock system was due to an over-
turning contour effect were the presence of the shock (Figure la)
wvhen the descent stage was removed, and a total pressure survey at
the ascent nozzle axit. The resulting Mach number profile, shown
in Figure 2, shows a sharp reduction in Mach number which can be
attributed to the internal shock. The effect of this shock was to
raise the nozzle exit static pressure at the wall, and to subse-
quently forestall nozzle flow separation. Hence, full nozzle flow
was accomplished with less side venting area for the contour nozzle
than for the shock-free conical nozzle with the same exit area
ratio. Comparative side venting results for the contour and
conical nozzles are shown in Figure 3. Altheugh the level of base

pressure cbtained is similer,flow separation takes place with the
conical nozzle because of the lower wall static pressure.

A change in the shock system was observed for the conical
nozzle as noted in Figures 1d and le. When the flow was over-
expanded ( A, < ) a conical shock system, originating from the
nozzle lip, was cbserved. The normal shock stood comsiderably
closer to the descent engine than in the camparable side venting
configuration with the contour nozzle. A bow wave, very close to
the descent engine, resulted when the base pressure was reduced.

A gharp reduction in reguired side venting area resulted when
a flat plate wvas placed ower the top of the descent stage. The
plate acts as a flow deflector in turning the flow outward, there-
by conserving a greater percentage of the mamentum within the jet.
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The shock structure is shown schematically in Figure 1f. A dish
shock vas formed with the periphery of the shock remaining

- a constant distance upstyeam of the deflector plate. This dis-

tance provides a choked srea at the jet periphery for the flow at
a total pressure corresponding to the normal shock recovery at

the msan exit Mach mmber. The shock stand-off distance so cal-
culated for the cold flow model agreed vithin 10§ of the measured
valus of 5 inches (Sull-scale). The calculated value for the full-
scale engine gas properties is also approximately 5 inches. This
carrelation provides some cenfidence in the scaling procedure used
to design the cold flow model.

Ascent stage base pressure data obtained from all the con-
figurations are presented in Figure 3. The pressures were ad-
Justed by a ratio of the chamber pressure (18 psia) predicted by
the scaling laws determined analytically and the test chamber
pressure (38 psia). The analytical results are discussed later,
however it is noted that thies data adjustment does not affect the
shock structure or the vamt area-nozzle separation relationship.
As sn cxample, three data peints are noted at 5 inch stage separ-
ation for the sids venting configuration with flow deflector.
These points had test chember pressures of 18, 24 and 38 psia, and
are seen to result in epproximately the same adjusted base pressure.
Furthermore, the shock stand-off distance was found to be indepen-
dent of the test chamder pressure.

The downstresm vent configurstion (1240 1n2) is seen to result
in low base pressure. However, this configuration is no longer
spplicable to the LEM beesuse of campartment heat shield and crush-
able desgent engine skirt considerstions. BSubsegquent anslysis of
this configuretion indieated that the base pressure would be esta-
blished by separstion and reattachment criteria, with a base pres-
sure level of the order of .06 psia. The higher test values ob-
tained Bay be a yesult of test cell back pressure effects.

Venting between the stages, vithout using a flow deflector,
reguired large stage separstion heights. Theexetically s minimm
of 16 inches would be required to prevent nozrzle separation (using
e more conservative conical nosxle as & criteriom). The separation
height wvas greatly reduced vhen the flst plate flov deflector was
added. The minimm height required is spproximately 5 inches for
this configuretion. Nowever, ¥he mesmal shoek then stands right at
the nossle exit plame, and the separatien height should be increased
to syprowimmtely 7 imches to provide additiomal mavgin. Increasing
stage separatien height involves some weight pemalty, and therefore
the present flat plate deflector cannot be considered e final

. oalution. This epprosash, howewver, sppears to warvemt further in-

vestigation to determine the feasidbility of a recessed @eflector
vhich would provide the 5-7 inches required for the shock stand-off
distanee vhile reducing the reguired stage separstion to values
neayer the presant 2 ineh design walus.
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Ducting exhaust gases through four ports in the descent
stage, at this time appears to offer same weight advantages over
increased stage tion height. The area presently being made
available is 2000 in“, This ares is felt t0o be more than ade-
quate for this configuration because the effectiveness should be
somevhat better than venting between the stages (1000 in® minimum
required). Therefore, s reduction in area is expected to result
from the test progrsm.

B. Analytical:

Various FITH venting configurations were n.ndgod by Grupman
and the Martin M rietta Corporation (GAEC P.O. 2-18833). A
summary of the Martin snalyses is included in the first progress

report Jor the period 6 May through 10 July 1963. Martin's work

is continuing on the apnalysis of a configuration with four ports

locatcd near the top of the descent engine, and is scheduled for

completion at the end of July. Results of the analyses follow.

1. Configuration with four venting ports:

s This configurstion wvas analysed at Grusman, based on a
simplified flow model shown schematically in Figure 4. The
objectives of the analysis were to (a) "ball park” the re-
quiret port area, (b) analytically determine the effect of &
to provide correlation for the cold flow test results, and
(c) determine the effect of geometric variables such as lo-
cation of the descent engine and blockage presented by the
engine and accessories. The primary limitations of the
analysis ‘are balieved to be the assumptions of one-dimensional
flow at the nostle exit, a two-dimensional instead of axi-
symmetric shock system, and constant static pressure for both
streams squal to the base pressure. Furthermore, the port

_ area calculated is an effective area and does not include the
effacts of exit flow direction or the discharge coefficient
for the four poxrts.

The ascent stage base pressure is shown in Figure 5 as a
function of the effective port area. The lower curve is for
sonic flow of both streams through the ports, and the upper
curve is for constant static pressure at the ports resulting
in one stremm exitimg at suypersonic wvelocity. Values shown
are full scals and are for the ascent engine exit conditions
» Hc”, ¥ )l .22, € d‘o:l, Pch-llo psia. Design-
bass pressure spproximately equal to the nozzle exit
static pressure vould require spproximated y 1000 sq. in. of
offective part area. The effective part area to prevent
nessls separation is spproximately L10 sq. in., assuming the
wprer curve spplicebls.
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Figure 6 shows the effect of separstion distance, "A",
between the descent engine and the ascent nozzle exit plane.
The effect is amall at low ascent base pressure, whereas at
O.k psis a change in location from 17.4 inches to 6 inches
results in approximately a 20§ increase in required area.

The effect of blockage due to the engine valve package,
propellant lines, etc. was taken into account by increasing
the descent engine diameter, and therefore does not include
the effects of asymmetry which would be present in the actual
engine installation. The results, shown in Pigure 7, indi-
cate a negligable effect dus to blockage at low ascent base
pressure, and a 8.5% port area increase at 0.4 psia when
there is 280% additiomal blockage.

The major effaort for this anslysis was epent in esti-
mating the effect of ¥ , so that valid extrapolation of the
cold flow test results to the rocket engine conditions might
be acccaplished. This consisted of varying nozzle exit Mach
number apd chamber pressure for ¥ =1.30 and 1.40, while main-
waining the same geametry downstream of the ascent nozzle exit
as in the LEM configuration. The cambination of Mach mmber
and chamber pressure resulting in the same ascent base pressure
and po-t area as for the rocket engine conditions (M =k.35,
¥ =1.22, P, =110 psia) were then found, These results are
shown in Pigure 8, (a) for ¥ =1.30 and (b) for ¥ =1.40. The
curves are bounded by two limits; the limit at the left being
caxplete expansion in the ascent nozzle and the second limit
indicates the spproximate point of nozzle separatiom for the
test conditions.

ing Figure 8b results in Figure 9, vhere the
canbination 6f test chamber pressure and nozzle exit Mach
pmber for a test fluid with ¥ «l.4 which analytically results
in the same port aree and base pressure for the rocket engine
conditione is showm. These results are compared to the scaling
law Goethert derived for base flow model testing. Goethert's
formule essentially requires that the pressure gradient, dp/de,
and the porzle exit static pressure p,, be simulated in tests
vhere “he ¥ of the test fluid differs from that for the rocket
engine exhsust products.

The agresmest Wotveen the analytical results and Goethert's
formula is excellent and justifies, at least until hot flow re-
sults are obtained, the use of Goethert's soaling laws in arriw
ing at a cald flow test configurstion. Although a test Mach
paber and chamber pressure of 3.T4 and 23 psia respectively are
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indicated by Goethert's scaling parsmeter, the actual test
Mach mmber corresponding to the T:l conical nozzle was 3.53,
and most of the data was cbtained at 38 psia chamber pressure.
However, the lower test Mach number can be corrected by ad-
Justing the data to the corresponding chamber pressure of

18 psia. As shown by the test results, the level of test
chamber pressure does not markedly affect the flow field, and
therefore adjusting the test results by the ratio of the
required to the actual test chamber pressure is felt to be
valid.

Configuration with side venting between the stages:

The Martin Co. analyzed thie configuration, which included
a flow deflector plate and venting area provided by stage
separation. This configuration was made to look as much like
the Martin-Titan II interstage campartment as possible, to pro-
vide maximum confidence in their ansalysis which was found to
successfully correlate Titen II data.

The method uses empirically derived correlating factors,
vhich for LEM were assumed to be the seme as those derived from
Titan II. The results are presented in Figure 10. The port
ares or stage separation height is seen to be sensitive to
ascent base pressure. The adequacy of the design area is then
dependent upon the accuracy in estimating the nozzle exit
pressure at the wall which in turn determines the separation
back pressure. Nozzle separation pressures are shown for a
range of possible wall exit pressures, which at this time is
an uncertainty because an ascent nozzle design has not been
frozen. .

Configuration with downstream venting:

The downstream venting configuration wae analyzed by
Grumnan and Martin using different approaches. In Grumman's
analysis the ascent base pressure was assumed to caontrol the
expansion of the exhaust gases to same Mach number distribution
at the detached shock wave standing upstream of the descent
engine, and hence the downstream total pressure recovery. This
in turn, after considering ensuing losses and flow field due to
the shocks off the descent engine gkirt, would result in a re-
quired vent exit area. Or canversely, it was assumed that the
axit area would estahlish the ascent base pressure.

Martin's anslysis, on the other hand, assumed the ascent
base pressure wvas independent of the exit area, and that it
was established by the two dimensional base separation and re-
attachment criteria derived by Korst, etal.
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The first analysis resulted in a nearly constant area
(less than 1% variation) for a base pressure change of from
«333 to 1.0 of the nozzle exit pressure. This indicates
that the base pressure is independent of the downstream area,
as long as the area is large enough to accommodate a supersonic
exiting flow. The configuration analyzed was the cold flow
model, and the calculated area was aspproximately 12% lower
than for the test model.

The Martin analysis resulted in a base pressure of
approximately 0.06 psia, for the full scale LEM configuratian.
This is considerably lower than the level obtained in the cold
flow tests ( 0.3 psia). This discrepancy may be due, in part,
to test cell pressure bulld-up.
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FUTURE FITH WORK

Configurations incorporating a flow deflector will be emphasized
in future work. :

A. Experi#enta.l :

1. Cold flow teats:

1/10 scale cold flow nitrogen tests using the T:1l area
ratio conical nozzle will be continued. A LEM descent stage
with provision for vent ports through the descent stage will
be used. Various location and port sizes will be tested in
conjunction with conical and contoured flow deflectors.
Venting between the stages will be further investigated in an
effort to reduce the required stage separation height.

2. Hot flow tests!
A reaistance heater for use with the rig is presently
being fabricated. This heater will allow hot flow testing
| to approximately 2300°R. Using carbon dioxide at approxi-
o mately 2000°R inlet temperature would produce a ¥ in the
range of the ascent engine exhaust products. This would allow
scaling of the ascent engine nozzle as well as the descent
stage, and should result in an exit Mach mmber and pressure
profile similar to that of the full scale configuration.

The most pranil.{ng porting configuration determined from
the cold flow tests will be hot flow tested, and heating data,
as wvell as gasdynamic characteristics, will be obtained.

B.  Analyticals

Analysis of partihg configurations will be continued by the
Martin Merietta Corp. (under GAEC P.O. 2-18833 until 10 August)

- and by the LEM Thermodynamics Group to supplement the experimental
programs.
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fa.) CONTOUR ASCENT NOZZLE - NO DEBCENT STAGE
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SOUNDARY

7

{¥) CONTOUR ASCENT NOZZLE - DESBCENT STAGE
WITH 1240 IN? OF DOWNSTREAM VENT AREA

_’.;*‘ ? *b‘ *‘

<~

SHOCHK —»

‘ (e¢) CONTOUR ASCENT NOZZLE - DESCENT STAGE W\TH

SUFFICIENT SIDE VENTING TO PREVENT NOZZLE SEPERATION
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FICURE | (comTinuEeD)

(d) CONICAL ASCENT NOZZLE - DESCENT STACE WITH SIDE
VENTING - NOZZLE OVEREXPANDED ¢ FLOWING FULL

2, < e
e

SHOCK ~—»

(e) CONICAL ASCENT NOZZLE- DESCENT STAGE WITH S\DE
VENTING - NOZZLE UNDEREXPANDED
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FIGURE - | (CONCLUDED)

/-CONQ‘TANT SHOCWK STAND-OFF DISTANCE

/- FLOW DEFLECTOR

SHED SMOCH

rﬁrlu\wnnwl or suock
(f) concaL ASCENT NOZZLE - DESCENT STAGE WITH SIDE
VENTING ¢ FLAT PLATE FLOW DEFLECTOR
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